Introduction
============

*Garcinia mangostana* L. (mangosteen) is cultivated in Southeast Asia, and the fruits have a graceful taste.^([@B1])^ It is also used in Thailand as a medical plant for the treatment of skin infections and wounds, dysentery, different urinary disorders, cystitis and gonorrhea.^([@B2])^ The fruit wall contains catechin, procyanidin, anthocyanin and xanthones, such as α-mangostin. α-Mangostin possess many functions,^([@B3])^ such as the inhibition of oxidation,^([@B4])^ inflammation,^([@B5])^ carcinogenesis and germ growth.^([@B6],[@B7])^ Juice using the whole fruit, including the peel,^([@B8])^ and alcohol extracts from the peel are commercially available in the USA.^([@B9])^ Although water extracts of mangosteen pericarp (WEM) contains few α-mangostins, it possesses water soluble polyphenols and shows stronger antioxidative activity than ethanol extracts.^([@B10])^ However, little is known about the function of water soluble polyphenols of mangosteen.

Amino residues of proteins react with reducing sugars by the Maillard reaction,^([@B11])^ leading to the formation of early intermediates known as Amadori products, which results in the formation of advanced glycation end-products (AGEs). AGE levels increase with aging,^([@B12]--[@B13])^ diabetic complications,^([@B14]--[@B18])^ and atherosclerosis.^([@B19]--[@B22])^ Among the AGEs structures reported to date, *N*^ε^-(carboxymethyl)lysine (CML), a major AGEs antigenic determinant,^([@B23])^ accumulates in lens crystallins in an age-dependent manner.^([@B24])^ Pentosidine, one of the fluorescent AGEs structures generated by oxidative conditions, accumulates in the plasma and long-lived tissue proteins, such as the connective and lens tissue proteins collagen and crystallins, respectively. Its level reflects the extent of tissue damage associated with age-related diseases, such as diabetes mellitus, atherosclerosis, and chronic renal failure.^([@B25])^ The plasma pentosidine levels have also been shown to increase during kidney failure.^([@B26])^

Glycation of collagen also generates AGEs structures, such as pentosidine, and forms cross-linking between collagen fibers.^([@B25])^ Accumulation of AGEs in human skin increases with aging and is enhanced by the pathogenesis of diabetes.^([@B27])^ Antioxidative polyphenols, such as flavonoids, catechin and procyanidin, inhibit the formation of AGEs *in vitro*.^([@B28]--[@B30])^ Therefore, the inhibitory effect of WEM on the formation of AGEs is predicted because WEM possesses a strong antioxidative activity.^([@B10])^

We herein determined the inhibitory effects of WEM and its purified compounds on the formation of AGEs *in vitro* and *in vivo*. Furthermore, the improvement effect of WEM on the skin elasticity and moisture content were also studied.

Materials and Methods
=====================

Chemicals
---------

Gelatin was purchased from Sigma-Aldrich Japan (Tokyo, Japan). Ribose was purchased from Wako (Osaka, Japan). Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG antibody was purchased from Kirkegaard Perry Laboratories (Gaithersburg, MD). All other chemicals were of the best grade available from commercial sources.

Preparation of mangosteen pericarp extract
------------------------------------------

Fresh mangosteen pericarp was boiled in water for 2 min and then dried at 70°C for 8 h. Hot water (5,600 L) was added to the dried mangosteen pericarp (600 kg), and the mixture was filtered. The filtrates were concentrated under reduced pressure, 33% dextrin was added for solid content of extract, and the mixture was then spray-dried to obtain the WEM (92.1 kg).

Isolation of compounds from mangosteen peel extract
---------------------------------------------------

WEM (100 g) was dissolved in water (500 ml), and extracted using *n*-hexane (1.5 L), ethyl acetate (EtOAc) (12 L), and *n*-butanol (BuOH) (12 L), successively, to obtain *n*-hexane (65.5 mg), EtOAc (2.59 g), and *n*-BuOH (12.45 g) extracts. The *n*-BuOH extract (7.09 g) was chromatographed over MCI-gel CHP-20P using MeOH/H~2~O in a stepwise gradient mode. The fractions showing similar HPLC patterns were combined and further purified by column chromatography over Sephadex LH-20, YMC-gel ODS-AQ, and Chromatorex ODS using aqueous MeOH to obtain rhodanthenone B (14.0 mg) and epicatechin (12.4 mg). EtOAc (2.59 g) was purified using column chromatography over Sephadex LH-20, YMC-gel ODS-AQ, and Chromatorex ODS using aqueous MeOH to obtain epicatechin (72.5 mg), garcimangosone D (2.2 mg), and eucryphin (2.6 mg). These compounds were identified by direct comparison with authentic specimens or by comparison of their spectral data with those reported in the literature.

Determination of the inhibitory effect of WEM on pentosidine formation
----------------------------------------------------------------------

The compounds were solubilized by dimethyl sulfoxide (Wako). Gelatin (2 mg/ml) and ribose (30 mM) were incubated with WEM (0.0016--1 µg/ml) or purified compounds (0.1--100 nM) in 200 mM sodium phosphate buffer (pH 7.2) at 37°C for 7 days. The samples was dialyzed against PBS at 4°C for 18 h, and the protein concentration was measured by the bicinchoninic acid protein assay (Thermo Scientific K.K., Japan), followed by the determination of pentosidine by high performance liquid chromatography (HPLC) analysis as described below.

Determination of the pentosidine content by HPLC
------------------------------------------------

A pentosidine standard was prepared as described previously,^([@B16])^ and pentosidine was measured as described previously.^([@B32])^ Briefly, ribose-gelatin samples (50 µg each) were dried *in vacuo* and hydrolyzed by 6 N hydrochloric acid (HCl) at 110°C for 24 h in sealed test tubes. Serum samples (0.1 ml each) were mixed with an equal volume of 12 N HCl (6 N, final concentration) and hydrolyzed at 110°C for 24 h in sealed test tubes. The HCl was dried *in vacuo* and solubilized again with 0.5 ml of distilled water. The samples were applied to cation exchange columns (Strata-X-C Polymeric Strong Cation, 30 mg/ml) (Phenomenex, California), eluted by 7% ammonia (Nacalai Tesque, Kyoto, Japan) and dried *in vacuo*. The samples were resolubilized in 0.3 ml of 16% acetonitrile solution, followed by pentosidine analysis via HPLC.^([@B32])^

Estimation of skin AGEs by autofluorescence
-------------------------------------------

The inhibitory effect of WEM on AGE accumulation in the skin was estimated by measuring fingertip autofluorescence because it is difficult to obtain skin samples from healthy subjects. Similar to previous reports,^([@B33])^ skin autofluorescence was recorded with a prototype consisting of a light emitting diode (LED) light source, a spectral apparatus system by a 2048-pixel CCD linear image sensor and grating and a biantennary silica-based optical fiber. A skin surface area approximately 0.38 mm in diameter was irradiated by an LED light source of 365 nm at excitation peak. For the detection of fluorescence signals at the same location on the skin, a Y-shaped flexible optical fiber coated in polyurethane was used. The quartz Y shape fiber consists of two core fibers (0.6 mm in diameter), and one side of the fibers was connected to a spectrometer while the other side was connected to an LED light source. The skin autofluorescence spectrum showed a stable emission peak at 450--460 nm. In the previous studies, skin autofluorescence measurements were performed on the volar side of the lower arm. All measurements were performed in a semi-dark, temperature-controlled room.

Administration of WEM to volunteer subjects
-------------------------------------------

The study was conducted in accordance with the Declaration of Helsinki as a statement of ethical principles for medical research involving human subjects, including research on identifiable human material and data. The experimental protocol was approved by the ethics review committee of Kitahorie Hospital for intervention trials, and AGE analysis was approved by the ethics review committee of Tokai University (\#14036). This study was conducted as an open trial which recruited healthy women between the ages of 32 to 48 years old (*n* = 11). All subjects provided written informed consent. The median fasting blood glucose and hemoglobin A1c of the subjects were 83.6 ± 4.6 mg/dl and 5.25 ± 0.21, respectively. Two tablets (100 mg WEM in total), once a day, were administered to each subject and continued for 12 weeks. Routine blood and skin function testing were evaluated every 4 weeks.

Measurement of the elasticity and moisture content of the skin
--------------------------------------------------------------

Measurement of the skin moisture and elasticity were conducted at 25°C after 30 min of rest. Skin elasticity was measured by a skin viscoelasticity analyzer, Cutometer (MPA580; Courage & Khazaka, Kern, Garmany).^([@B34])^ The skin surface of left upper arm was drawn into the aperture of the probe by negative pressure, and the penetration depth of the skin was measured using prisms. The skin elasticity on the internal lesion of the left upper arm was analyzed, and 2 skin elasticity indices were measured: the recovery ratio of the skin length (RR) and the ratio of elasticity during constriction (RE). The measurement of moisture contents on the face was conducted by the Robo Skin Analyzer (RSA50; Inforward, Inc., Tokyo, Japan).^([@B35])^

Statistical analysis
--------------------

All data were expressed as the mean ± SD. Differences between the groups were examined using the Mann-Whitney *U* test and the non-repeated measures ANOVA. A *p* value of less than 0.05 was considered to be statistically significant.

Results
=======

Inhibitory effects of WEM extract and purified compounds on pentosidine formation
---------------------------------------------------------------------------------

Gelatin was incubated with ribose in the presence of varying concentrations of WEM extract, and the pentosidine contents were measured by HPLC. As shown in Fig. [1](#F1){ref-type="fig"}, 0.2 µg/ml of WEM showed \~51% inhibition of pentosidine formation. Therefore, compounds that inhibit pentosidine formation were isolated from WEM. Several purified compounds from 0.1 nM WEM, such as garcimangosone D, eucryphin, rhodanthenone B and epicatechin, inhibited pentosidine formation by 38%, 38%, 45% and 35%, respectively (Fig. [2](#F2){ref-type="fig"}). Garcimangosone D in particular showed the highest inhibitory effect among the purified compounds. These results demonstrate that WEM possesses several compounds that inhibit pentosidine formation. Therefore, WEM was administered to healthy subjects, and the serum pentosidine level was determined by HPLC. Although the fasting blood glucose (Fig. [3](#F3){ref-type="fig"}A) and HbA1c (Fig. [3](#F3){ref-type="fig"}B) levels did not change in the subjects who received 100 mg/day WEM, the serum pentosidine levels (54.4 ± 15.4 pmol/µl) were slightly decreased at 4 weeks and significantly decreased at 8 weeks (*p*\<0.005 vs before WEM administration) then reached a plateau level at 12 weeks (*p*\<0.05 vs before WEM administration) (Fig. [3](#F3){ref-type="fig"}C). Furthermore, AGEs accumulation in the skin was estimated by measuring the skin fluorescence (Fig. [4](#F4){ref-type="fig"}A and B). A typical spectrum at wave length points of skin autofluorescence was compared initial results to that after 12 weeks. Each spectrum was acquired from skin surface area that was irradiated by an LED light source of 365 nm at excitation peak, and the skin autofluorescence spectrum showed a stable emission peak at 450--460 nm (Fig. [4](#F4){ref-type="fig"}C). The fluorescence on the fingertips (*n* = 11) was significantly decreased in the subjects after receiving 100 mg/day WEM in a time-dependent manner and reached a plateau level at 12 weeks (Fig. [4](#F4){ref-type="fig"}D).

Effect of WEM on the elasticity and moisture content of the skin
----------------------------------------------------------------

Although the RR of the subjects was 0.865, it was significantly improved at 4 weeks (0.929; *p*\<0.005 vs before WEM administration) and the elasticity of the skin remained constant during the 12 weeks (Fig. [5](#F5){ref-type="fig"}A). A similar tendency was observed with the RE. The RE of the subjects significantly improved at 4 weeks (0.663 vs 0.715; *p*\<0.01 vs before WEM administration) and was maintained during the 12 weeks (Fig. [5](#F5){ref-type="fig"}B).

Furthermore, the average moisture content of the skin in the subjects before WEM administration (72.8) increased in a time-dependent manner and became 84.1 at 12 weeks (*p*\<0.001 vs before WEM administration) (Fig. [5](#F5){ref-type="fig"}C). These results strongly demonstrated that oral administration of WEM improved the skin conditions, such as elasticity and moisture content, in the subjects at 4 weeks.

Discussion
==========

WEM possesses several functions, such as the scavenging activity of the free radical DPPH and neuroprotective activity by inhibiting oxidative stress *in vitro*.^([@B10],[@B36])^ These studies suggest the possibility that water-soluble polyphenols in WEM may inhibit oxidation, resulting in the inhibition of pentosidine formation *in vivo*.

Pentosidine formation was inhibited by 0.2 µg/ml of WEM (Fig. [1](#F1){ref-type="fig"}) and 0.1--100 nM of purified compounds from WEM (Fig. [2](#F2){ref-type="fig"}). Previous studies demonstrated that monomeric flavonoids inhibited pentosidine formation at concentrations of 25--250 µM,^([@B28])^ suggesting that WEM contains strong compounds capable of suppressing pentosidine formation *in vitro*. Moreover, a human intervention study showed that the oral administration of WEM reduced the serum pentosidine level in subjects (Fig. [3](#F3){ref-type="fig"}A). This study provides the first evidence that natural compounds reduced pentosidine formation not only *in vitro* but also *in vivo*.

Several compounds purified from WEM, such as garcimangosone D, eucryphin, rhodanthenone B and epicatechin, were observed to play an important role in the inhibition of pentosidine formation (Fig. [2](#F2){ref-type="fig"}). In particular, benzophenone compounds, i.e., garcimangosone D and rhodanthenone B, showed stronger inhibitory effects on pentosidine formation among the purified compounds. Although rhodanthenone B was originally isolated from *Gentiana rhodantha* Franch. (gentianaceae),^([@B37])^ there are no previous report on the function and the presence of this compound. We observed that rhodanthenone B and garcimangosone D were 0.08% and less than 0.01%, respectively (data not shown) of the WEM, thus, rhodanthenone B may play an important role in the inhibition of pentosidine formation. These data demonstrate that daily WEM intake may be effective in inhibiting pentosidine compared with other natural products.

Because obtaining skin biopsies from healthy volunteers is ethically difficult, AGE accumulation in the skin was estimated by a fluorescence detector. Dong *et al.*^([@B38])^ previously demonstrated that fluorescence intensity correlated with the pentosidine contents in the bone, and Couppé *et al.*^([@B39])^ also reported that skin fluorescence intensity correlated with the pentosidine levels in the patellar tendon, demonstrating that skin autofluorescence is highly correlated with the accumulation of AGEs *in vivo*. In the present study, the oral administration of WEM significantly reduced the plasma pentosidine levels (Fig. [3](#F3){ref-type="fig"}C) and the skin autofluorescence intensity (Fig. [4](#F4){ref-type="fig"}D), strongly demonstrating that WEM also reduced AGE accumulation in the skin. The fluorescent wavelength of pentosidine is excitation at 335 nm and emission at 385 nm, whereas skin fluorescence was measured by excitation at 365 nm and emission at 440 nm, suggesting that administration of WEM reduced several AGEs *in vivo*.

Collagen and elastin molecules are involved in skin elasticity, which was reduced in accordance with aging. Lysine and arginine on collagen molecules are modified by AGEs and result in the denaturation of the three-dimensional structure of skeletal proteins and enzymes. Pentosidine is known as one of the cross-linked AGE structures and generates unfavorable cross-linking between collagen molecules.^([@B40])^ Oral administration of WEM to the subjects resulted in reduced serum pentosidine levels (Fig. [3](#F3){ref-type="fig"}C) and skin AGE-fluorescence (Fig. [4](#F4){ref-type="fig"}D) and ameliorated the skin elasticity and moisture contents on the face (Fig. [5](#F5){ref-type="fig"}). Our study demonstrates that oral administration of WEM inhibits AGE formation and results in improved skin conditions *in vivo*. Saito *et al.*^([@B40])^ demonstrated that the bone quality correlated with the bone pentosidine concentration. Furthermore, Arai *et al.*^([@B41])^ reported that the levels of pentosidine in the blood are elevated in patients with schizophrenia, and the association of AGEs and mental illness is currently being investigated. Therefore, AGE inhibitors have been developed for the prevention of lifestyle-related diseases and psychiatric diseases.^([@B42])^ Because the daily intake of a WEM tablet (100 mg) does not lead to serious side effects, intake WEM should be considered as a new food for preventing the accumulation of AGEs and improving functional disorders due to aging.
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![Inhibitory effects of WEM on pentosidine formation. Gelatin was incubated with ribose in the presence of varying concentrations of WEM extract, and pentosidine contents were measured by HPLC. Pentosidine content was normalized to the protein content of the gelatin.](jcbn15-13f01){#F1}

![Inhibitory effects of purified compounds from WEM on pentosidine formation. Gelatin was incubated with ribose in the presence of varying concentrations of WEM extract, and pentosidine contents were measured by HPLC. Pentosidine content was normalized to the protein content of the gelatin. Data are expressed as the mean ± SD (*n* = 3). \**p*\<0.05; \*\**p*\<0.01; \*\*\**p*\<0.001 (with compounds day 7 vs without compounds day 7).](jcbn15-13f02){#F2}

![Effects of WEM on biochemical parameters and pentosidine formation *in vivo*. WEM was administered to healthy subjects, and the serum pentosidine levels were determined by HPLC. Two tablets (100 mg WEM in total) were administered once a day to healthy women (*n* = 11) for 12 weeks. The blood glucose (A), HbA1c (B), and pentosidine (C) levels were evaluated every 4 weeks. \**p*\<0.05; \*\**p*\<0.01 (vs before WEM administration).](jcbn15-13f03){#F3}

![The inhibitory effect of WEM on AGE accumulation in the skin. Skin autofluorescence was recorded with a prototype consisting of a LED light source (A), a spectral apparatus system by a 2048-pixel CCD linear image sensor and grating and a biantennary silica-based optical fiber (B). A skin surface area was irradiated by an LED light source of 365 nm at excitation peak, and the skin autofluorescence spectrum showed a stable emission peak at 450--460 nm (C). The inhibitory effect of WEM on AGE accumulation in the skin was estimated by measuring fingertip autofluorescence (*n* = 11) (D). \*\**p*\<0.01;\*\*\**p*\<0.001 (vs before WEM administration).](jcbn15-13f04){#F4}

![Effect of WEM on the elasticity and moisture content of the skin. Skin elasticity was measured by a skin viscoelasticity analyzer. Skin elasticity on the internal lesion of left upper arm was analyzed and 2 skin elasticity indices were measured: (A) the recovery ratio of the skin length (RR), and (B) the ratio of elasticity during constriction (RE). The measurement of moisture contents on the face (C) was conducted by a Robo Skin Analyzer. The inhibitory effect of WEM on AGE accumulation in the skin was estimated by measuring fingertip autofluorescence (D). \*\**p*\<0.01; \*\*\**p*\<0.001 (vs before WEM administration).](jcbn15-13f05){#F5}
